Electrical properties of phosphorus-doped laser-crystallized silicon films were investigated. The analysis of free carrier optical absorption revealed that crystalline grains formed at laser energies of 360-375 mJ/cm 2 had high carrier mobilities of 40-50 cm 2 /Vs, which were close to that of doped single crystalline silicon. The mobility did not depend on the number of laser pulses. On the other hand, Hall effect measurements showed a marked increase in the carrier mobility of electrical current traversing grain boundaries from 3 to 28 cm 2 /Vs as the laser energy density increased from 160 to 375 mJ/cm 2 . The Hall mobility also increased as the number of laser pulses increased, although a single pulse irradiation resulted in a maximum carrier mobility of 15 cm 2 /Vs. These results suggest that a high laser energy density as well as numbers of multiple pulses are necessary to reduce disordered amorphous states and improve grain boundary properties.
Introduction
Polycrystalline silicon films are important for a variety of applications in many devices such as thin film transistors (TFTs) and thin film solar cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The electrical properties of polycrystalline silicon films have been analyzed using Hall effect measurements and transistor characteristics. These measurements give the carrier mobility and the density of the carriers which propagate across many grain boundaries in polycrystalline silicon (poly-Si) films. The average energy barrier height at grain boundaries has also been investigated by these methods. We recently reported the possibility of investigating electrical properties of polycrystalline silicon films using free carrier optical absorption analysis. 11, 12) Because free carrier optical absorption occurs via excitation induced by the electrical field of incident photons followed by energy relaxation in the crystalline grains, the analysis gives the carrier mobility and the carrier density in the crystalline grains. On the other hand, the Hall effect measurement provides the effective carrier mobility of the electrical current, which traverses many grain boundaries, so it strongly depends on grain boundary properties.
In this paper we discuss electrical properties by analyses of the free carrier optical absorption and Hall effect measurements of pulsed laser crystallized doped silicon films. The pulsed laser crystallization method is convenient to form polycrystalline silicon films at a low processing temperature because of local and rapid heat treatment. 13, 14) The method is suitable for fabrication of TFTs and solar cells at a low temperature. Optimization of crystallization, however, has not been achieved. Through the analyses of samples fabricated under different laser-irradiation conditions, we report the relationships between irradiation conditions (laser energy density and pulse number) and electrical properties (carrier mobility and the carrier density). The free carrier optical absorption analysis shows that the doped crystalline grains can have a high average carrier mobility, which is close to that of single crystalline silicon under the same carrier density. The pulse number is important for reduction of the average energy barrier height at grain boundaries and to increase the Hall mobility. We also discuss the crystalline state of the polycrystalline old energy for crystallization of 160 mJ/cm 2 , crystallization occurs by solidification of molten silicon induced by laser irradiation. The solidification (crystallization) velocity was about 1 m/s, which was experimentally determined from the changes in the electrical conductivity of silicon films during and after laser irradiation using transient conductance measurements because liquid silicon has a high electrical conductivity of ∼10 4 S/cm. [15] [16] [17] It has been known that dopant atoms do not segregate from solid to liquid silicon (the segregation coefficient ∼1) under rapid solidification conditions induced by pulsed laser irradiation. 18) We hypothesized that phosphorus atoms were distributed uniformly in crystalline grains and at grain boundaries.
Three kinds of laser irradiation were conducted for sample fabrication. 1) Multiple-step-laser energy irradiation was carried out. Laser energy density was increased from 160 mJ/cm 2 to 400 mJ/cm 2 in 20-40 mJ/cm 2 steps. A single pulse or five pulses were irradiated at each laser energy density step. 2) To investigate the dependence of electrical properties on the number of laser pulses, samples were irradiated silicon films by measurements of theE 2 peak which appears in ultraviolet reflectivity spectra.
Experimental
Doped polycrystalline silicon films 50 nm thick were fabricated by XeCl excimer laser heating of low-pressure chemical vapor deposited (LPCVD) amorphous silicon films on quartz glass substrates. Prior to laser crystallization, phosphorus atoms were uniformly doped into the films through SiO 2 films coated on the silicon films by ion implantation at a density of 2.5 × 10 15 cm −2 and an energy of 80 keV. About 50% phosphorus atoms were doped into the silicon films. After removing the top SiO 2 films, the samples were placed in a vacuum chamber, which was evacuated by a turbo-molecular pump to a level of 1 × 10 −4 Pa for laser irradiation. Variation of laser energy density in the beam was reduced to less than 3% of the average laser energy density by beam homogenizing optics. Laser light was effectively absorbed 10 nm deep in the silicon surface because of the large optical absorption coefficient of Si, ∼10 6 cm −1 , at 308 nm, and the silicon surface was heated to high temperatures. Above a thresh-by a laser with pulse numbers from one to twenty at the final laser energy density step. Prior to the final laser energy density step, the laser energy density was increased stepwise with five laser pulse irradiations at each laser energy density step. 3) Samples were also fabricated by laser irradiation with a single pulse at different energies.
The Hall effect measurements by the van der Pauw method were carried out at room temperature for silicon films with an area of 5 mm × 5 mm with Al electrodes formed at each corner to obtain the carrier mobility and the carrier density.The Hall mobility,µ H , is deduced from the relation
where R H is the Hall constant, σ is the electrical conductivity, r H is the Hall scattering factor and µ D is the drift mobility. Optical reflectivity was measured in the wave number range between 400 and 4000 cm −1 by conventional Fourier transform infrared spectrometry (FTIR) to analyze optical absorption of free carriers in the doped silicon films. The sample was irradiated by infrared light with an incidence angle of 10
• , and reflection was detected at a resolution of 4 cm −1 . Reflectivity spectra were analyzed by the optical interference effect at air/Si/substrate. Reflectivity (R) at the surface of the air/Si/substrate is given by 19) 
where d is the film thickness, K is the wave number,ñ f andñ SiO2 are the complex refractive index of Si films and SiO 2 substrate, respectively, which consist of the real refractive indexes (n f and n SiO2 ) and the extinction coefficients (k f and k SiO2 ). Undoped crystalline silicon is transparent (k f = 0) in the infrared region. On the other hand, SiO 2 has substantial absorption for wave numbers lower than 2000 cm −1 so that the reflectivity includes the optical absorption effect of the quartz substrate. A small reflection at the rear surface (air/substrate) was also considered in the calculation of the reflectivity of the samples.
The free carrier optical absorption causes changes in the refractive index as well as in the extinction coefficient, as shown by the following equations; 12, 20) 
where n Si is the refractive index of undoped crystalline silicon, c is the velocity of light in vacuum, e is the electrical charge, m is the effective mass of the carrier, whose dependence on the carrier density was determined by Miyao et al., 21) K is the wave number, µ is the carrier mobility, and N is the carrier density. The experimental spectra were compared to the spectra obtained by the interference calculation given by eq. (1) with the refractive index and the extinction coefficient of silicon given by eq. (2) by changing the values of the parameters of carrier mobility and carrier density until best coincidence of those spectra was obtained.
Optical reflectivity spectra in the ultraviolet region were also measured at the top silicon surface and the bottom silicon/quartz glass interface of the samples. Crystalline silicon has a broad peak around 276 nm (E 2 peak) in optical reflectivity which is caused by a large transition rate at the X point in the Brillouin zone, 22) while amorphous silicon has no peak around 276 nm. Because the optical absorption coefficient is large at ∼10 6 cm −1 in the ultraviolet region, the crystalline state at the surface and Si/SiO 2 interface regions can be investigated with 10 nm depth resolution. The height of the E 2 peak normalized by the peak reflectivity ( R/R) was obtained to estimate crystalline states at both surfaces of the polycrystalline silicon films. The reflectivity spectra at the bottom interface are different from those at the top surface because the refractive index of SiO 2 is larger than that of air (= 1). Prior to the determination of R/R at the bottom interface, the reflectivity spectra were, therefore, corrected by multiplying a correction factor 0.73, which was obtained by calculations of reflectivity for SiO 2 /Si interfaces with different refractive indexes and extinction coefficients from amorphous to single crystalline silicon to reduce the effect of substrate on the reflectivity. Figure 1 shows experimental spectra for samples implanted with phosphorus atoms at a density of 2.5 × 10 15 cm −2 , which were fabricated by multiple-step laser energy irradiation with four final laser energies and five laser pulses at each laser energy density step. Although no crystallization of the silicon films and no activation of the phosphorus dopant atoms were observed in the lowest energy irradiation case, the crystallization and the reduction of electrical resistivity associated with dopant activation occurred in the other three cases of higher laser energy density. The reflectivity was reduced in the wave number range from 2000 to 4000 cm −1 as the laser energy density increased, as shown in Fig. 1 . On the other hand, it increased in the wave number range from 500 to 800 cm −1 . These reflectivity changes resulted from changes in refractive index and extinction coefficient caused by free carrier optical absorption due to activation of the dopant atoms. Figure 2 shows the calculated reflectivity spectra of 50-carrier density and carrier mobility increased because the free carrier optical absorption causes an increase in the extinction coefficient of the silicon films (k f ) in that wave number range. Because the dependence of the refractive index or the extinction coefficient on the carrier density and the carrier mobility differs as shown in eq. (3), the calculation of reflectivity spectra most similar to experimental ones gives the carrier density and the carrier mobility. Figure 3 shows (a) the carrier density and (b) the carrier mobility obtained by analyses of free carrier optical absorption with best coincident fitting of calculated reflectivity spectra to experimental spectra for samples crystallized by laser irradiation by increasing the laser energy density stepwise one and five pulses at each laser energy density step. Figure 3 also shows (a) the carrier density and (b) the carrier mobility obtained by Hall effect measurements when the Hall scattering factor was assumed to be equal to unity. Both analyses of free carrier optical absorption and Hall effect gave approximately the same carrier density, as shown in Fig. 3(a) . The carrier density was slightly increased to 2.5×10 20 cm −3 as the laser energy density increased from 160 to 280 mJ/cm 2 , and it leveled off at laser energy densities higher than 280 mJ/cm 2 . Dopant atoms were effectively activated and a high density of carriers was generated. An increase in carrier density with increasing laser energy density probably means that the activation was not completed over the entire film thickness in the low laser energy density region. The analysis of free carrier optical absorption gave a large carrier mobility about 20 cm 2 /Vs at laser energy densities immediately above the crystallization threshold. The carrier mobility increased to 40 cm 2 /Vs as the laser energy density increased. Irradiation with a single pulse and five pulses at each laser energy density step resulted in approximately the same carrier mobilities.
Results and Discussion
rier density and carrier mobility increased because the substantial free carrier optical absorption reduced the refractive index of silicon films (n f ). On the other hand, the reflectivity increased for wave numbers between 500 and 800 cm −1 as the nm-thick silicon/quartz substrates using eqs. (2) and (3) with a carrier mobility of 40 cm 2 /Vs and different carrier densities from zero to 3 × 10 20 cm −3 [ Fig. 2(a) ], and with a carrier density of 2 × 10 20 cm −3 and different carrier mobilities from 1 to 60 cm 2 /Vs [ Fig. 2(b) ]. The low carrier density and the low carrier mobility resulted in a monotonous increase in the reflectivity with increasing wave number from 1300 to 4000 cm −1 and a low reflectivity at wave numbers between 500 and 800 cm −1 . Reduction in the reflectivity was observed for wave numbers between 1300 and 4000 cm −1 as the car- prove electrical properties at grain boundaries; the reformation of grain boundaries through melting followed by solidification might effectively reduce the density of carrier trap states and energy barrier heights. The maximum carrier mobility, ∼50cm 2 /Vs, obtained by analysis of free carrier optical absorption was close to that of single crystalline doped silicon given by Irvin. 24) The crystalline grains have approximately the same electrical properties as doped single crystalline silicon.
The crystalline state was investigated by measuring heights of the normalized E 2 peaks ( R/R) at the top surface and the bottom interface for samples crystallized by laser irradiation by increasing the laser energy density stepwise with five pulses at each laser energy density step; the carrier density and carrier mobility are presented in Fig. 3 . A smallE 2 peak was observed at both surfaces of silicon films for energies higher than the threshold energy. Low normalized E 2 peak height for irradiation at low laser energy density means that there are serious disordered amorphous states among the crystalline grains. The normalized E 2 peak heights ( R/R) at both surfaces increased as the laser energy density increased. The crystallization occurred throughout the film thickness for energies immediately above the threshold energy density, and the crystalline volume fraction increased as the laser energy density increased. The normalized heights of the E 2 peak at the top surface were almost the same as the normalized height of the E 2 peak of single crystalline silicon for laser energy densities higher than 320 mJ/cm 2 . The crystalline state is dominant at the top surface region for those conditions of high energy density.
Changes in the heights of the E 2 peaks with the laser energy density correlated well with changes in the carrier mobility obtained by the analysis of free carrier optical absorption with the laser energy density, as shown in Figs. 3 and 5. The improvement in crystalline state results in high carrier mobility. However, the normalized heights of the E 2 peaks did not change substantially for laser energy densities above 320 mJ/cm 2 , while there was a marked increase in the Hall mobility with increasing laser energy densities above 320 mJ/cm 2 . Irradiation with high laser energy densities increased crystalline grain size and induced the formation of grain boundaries with almost zero thickness among crystalline grains with different orientation angles, as TEM observations suggested. 9, 10, 25) Moreover, irradiation with high laser energy densities and multiple pulses reduces the densiThese results indicate that laser irradiation let to the formation of crystalline grains with good electrical characteristics even for lower laser energy densities near the crystallization threshold, although transmission electron microscopy (TEM) revealed that very fine crystalline grains with an average size of about 10 nm were formed by laser irradiation at the laser energy density of the crystallization threshold. 23) A gradual increase in the carrier mobility with increasing laser energy density probably resulted from the improvement of the crystalline properties; such as an increase in the average grain size or a reduction in the density of defect states. On the other hand, no change in the carrier mobility with number of laser pulses means that the number of laser pulses did not play an important role in the improvement of crystalline grain properties. The Hall effect measurements resulted in lower carrier mobilities than those obtained by the free carrier optical absorption analysis especially for samples treated with low laser energy densities. The carrier mobility obtained by the Hall effect measurements markedly increased as the laser energy density increased from 3 to 28 cm 2 /Vs. The degree of increase in carrier mobility obtained by Hall effect measurements was much larger than that obtained by the free carrier optical absorption analysis. This large increase is interpreted as improvement in the grain boundary properties by laser irradiation with a high energy density, because the Hall mobility strongly depends on carrier trap states and a high potential energy barrier height at grain boundaries. Disordered states with a high density of dangling bonds at grain boundaries are reduced by high-energy irradiation because of the long melt duration and the low quenching rate. Moreover, the carrier mobility obtained by Hall effect measurements for samples crystallized with five pulses at each laser energy density step was higher than that for samples crystallized with single pulses at each laser energy density step for high final laser energy densities of 300-375 mJ/cm 2 . Figure 4 gives the carrier mobility as a function of the number of laser pulses from one to twenty at a final laser energy density of 360 mJ/cm 2 . Prior to the final laser energy density, five laser pulses were irradiated at each laser energy density step. Although the carrier mobility obtained by free carrier optical absorption analysis was 50 cm 2 /Vs, which did not depend on the number of laser pulses, the carrier mobility obtained by Hall effect measurements increased from 15 to 25 mJ/cm 2 as the laser pulse number increased. This means that irradiation with multiple laser pulses is important to im- . E 2 peak heights normalized by the peak reflectivity ( R/R) at the top surface and the bottom interface for phosphorus-doped 50-nm-thick silicon films crystallized by laser irradiation by increasing the laser energy density stepwise with five pulses at each energy density step. The normalized E 2 peak height of single crystalline silicon, 0.172, is also shown.
The E 2 peak heights normalized by the peak reflectivity ( R/R) at the top surface and the bottom interface were also measured for the single pulse crystallization case, and the results are shown in Fig. 7 . The normalized E 2 peak heights at the both silicon surfaces increased as the laser energy density increased above the crystallization threshold, and reached a maximum at laser energy densities of 260-280 mJ/cm 2 , which were coincident energy densities that gave a maximum value for carrier mobility, as shown in Fig. 6 . The maximum value of the normalized peak heights ( R/R) at both silicon surfaces was close to that of single crystalline silicon. The 50-nm-thick amorphous silicon films were crystallized entirely by a single laser pulse at laser energy densities of 260-280 mJ/cm 2 . The normalized heights of E 2 peak at both silicon surfaces decreased as the laser energy density increased above 300 mJ/cm 2 . Disordered amorphous states are formed substantially above 300 mJ/cm 2 . The normalized heights of E 2 peak at the bottom interface decreased ties of dangling bonds and weak bonds and reduces the average energy barrier heights via the formation of stable grain boundaries such as the coincident boundaries of the lattice sites that are electrically inactive, as suggested by various observations and theoretical calculations. [26] [27] [28] Defect states and potential energy barrier heights at grain boundaries can cause scattering of carriers and reduce the Hall scattering factor to be lower than unity. Although the Hall scattering factor was not determined in this study, Shirai and Serikawa reported a Hall scattering factor of 0.87 for laser crystallized silicon films, which was estimated experimentally from the Hall mobility and the field effect mobility of poly-Si TFTs. 29) Because similar field effect mobilities to that of Shirai and Serikawa's TFTs was obtained for TFTs fabricated in poly-Si films by pulsed XeCl excimer laser irradiation with high laser energy densities near the amorphization threshold, 5) we deduce that the drift mobility was about 10% higher than the Hall mobility shown in Figs. 3 and 4 for cases of irradiation with high laser energy densities (> 300 mJ/cm 2 ). Because Le Bihan et al. reported a Hall scattering factor of 0.65 for solid phase crystallized silicon films with a higher density of trap states at grain boundaries than that of Shirai and Serikawa's laser crystallized silicon films, 30) the Hall scattering factor might be lower than 0.87 for irradiation with lower laser energy densities near the crystallization threshold. According to this discussion, the average energy barrier height at grain boundaries ( E) can be roughly estimated by assuming a simple relation between the drift mobility and the carrier mobility in crystalline grains,
, where µ A , k and T are the average carrier mobility in crystalline grains obtained by the free carrier optical absorption, the Boltzmann constant and the absolute temperature, respectively. The minimum average energy barrier height was 11 meV under these laser irradiation conditions when the maximum average carrier mobility in crystalline grains, the maximum average Hall mobility and the Hall scattering factor were 50 cm 2 /Vs, 28 cm 2 /Vs and 0.87, respectively. Figure 6 shows (a) the carrier density and (b) the carrier mobility for samples crystallized by laser irradiation with only one pulse. Both the analyses of free carrier optical absorption and Hall effect measurements assuming a Hall scattering factor of unity gave approximately the same carrier density, 1.7-2.5 × 10 20 cm −3 , for each laser energy density. The phosphorus atoms were effectively activated by a single laser pulse for laser energy densities from 165 to 400 mJ/cm 2 . The carrier mobility obtained by free carrier optical absorption analysis was larger than that obtained by Hall effect measurements. It had a maximum value of 38 cm 2 /Vs at laser energy densities of 260-80 mJ/cm 2 , which was approximately the same as the maximum mobility resulting from multiplelaser-pulse crystallization, as shown in Fig. 3 . The highquality crystalline grains are formed by annealing with a single laser pulse. On the other hand, the maximum Hall mobility was 15 cm 2 /Vs, which was lower than the maximum carrier mobility for multiple-pulse irradiation. Single laser irradiation might not be sufficient to form a grain boundary with a low energy barrier. Carrier mobility decreased as the laser energy density increased from 280 to 400 mJ/cm 2 in contrast to the monotonous increase in the carrier mobility in the multiple-laser-pulse crystallization case, as shown in Figs. 3 and 6 . to smaller values than that at the top surface. The decrease in the carrier mobility and the normalized heights ofE 2 peak with increasing laser energy density above 280 mJ/cm 2 shown in Figs. 6 and 7 was probably caused by microcrystallization, 31) which occurs through rapid solidification of deepundercooled molten silicon induced by complete melting of the silicon films. Very small ∼10 nm crystalline grains are formed through rapid crystallization, and disordered amorphous states are also formed. The microcrystalline state would dominate at the bottom interface because of small normalized E 2 peak heights at the bottom surface. Because amorphous silicon has a higher internal energy and a lower melting point than crystalline silicon, single pulse irradiation can melt a silicon film completely at lower laser energy densities compared with multiple-laser-pulse crystallization, which changes the films from amorphous to crystalline during the stepwise increase of laser energy density. Microcrystallization was not observed for laser energy densities lower than 400 mJ/cm 2 in multiple-laser-pulse crystallization, as shown in Figs. 3 and 5.
Summary
The electrical properties of phosphorus-doped pulsed laser crystallized silicon films were investigated by analyses of free carrier optical absorption and Hall effect measurements. The analysis of free carrier optical absorption revealed that the carrier mobility increased from 20 to 40 cm 2 /Vs as the laser energy density increased from 160 to 375 mJ/cm 2 by XeCl excimer laser irradiation by increasing the laser energy density stepwise in vacuum for silicon films 50 nm thick implanted with phosphorus atoms at a density of 2.5 × 10 15 cm −2 . The mobility did not depend on number of laser pulses, and its maximum was close to that of doped single crystalline silicon. On the other hand, the carrier mobility obtained by Hall effect measurements markedly increased from 3 to 28 cm 2 /Vs as the laser energy density increased or the number of laser pulses increased. The E 2 peak height normalized by the peak reflectivity ( R/R) at the top silicon surface and the bottom Si/substrate interface increased as the laser energy density increased. From these results, we interpret that crystalline grains formed by irradiation at laser energy densities above the crystallization threshold have good properties and high carrier mobility, but high laser energy densities as well as numbers of multiple pulses are required to reduce disordered amorphous states and improve grain boundary properties to increase the carrier mobility of electrical current traversing through grain boundaries. The energy barrier height was estimated to be 11 meV from the difference in the maximum mobilities obtained by these two methods. Single pulse irradiation caused crystallization of doped silicon films entirely, but the maximum carrier mobility was 15 cm 2 /Vs, which was lower than that obtained by multiple-pulse irradiation. In the case of single pulse irradiation, degradation of the crystalline state and reduction of carrier mobility probably caused by microcrystallization were observed for laser energy densities from 300-400 mJ/cm 2 , which were realized under cooling because of the low melting point of initial amorphous silicon.
